A-minor, adenosine-minor groove; CR, conserved region; EM, electron microscopy; FRET, Förster resonance energy transfer; G-quadruplex, guanosine-quadruplex; ISL, internal stem loop; LSD1, lysine specific histone demethylase 1; MALAT1, metastasis associated lung adenocarcinoma transcript 1; NEAT1, nuclear paraspeckle assembly transcript 1; NTC, Nineteen Complex; NTR, Nineteen Related Complex; Pop6/7, processing of precursor RNA protein 6/7; pre-, precursor; Prp8, Pre-messenger Processing factor 8; PDB, protein data bank; RHAU, RNA helicase associated with AU-rich elements; RNA, ribonucleic acid; RNase P, ribonuclease P; RNP, ribnucleoprotein; lncRNA, long non-coding RNA; mRNA, messenger RNA; ncRNA, non-coding RNA; rRNA, ribosomal RNA; snRNA, small nuclear RNA; snoRNA, small nucleolar RNA; tRNA, transfer RNA; Sc, Saccharomyces cerevisiae; Sp, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 3 Abstract: Over billions of years of evolution, nature has embraced proteins as the major workhorse molecules of the cell. However, nearly every aspect of metabolism is dependent upon how structured RNAs interact with proteins, ligands, and other nucleic acids. Key processes, including telomere maintenance, RNA processing, and protein synthesis, require large RNAs that assemble into elaborate three-dimensional shapes. These RNAs can i) act as flexible scaffolds for protein subunits, ii) participate directly in substrate recognition, and iii) serve as catalytic components. Here, we juxtapose the near atomic level interactions of three ribonucleoprotein (RNP) complexes: ribonuclease P (involved in 5'-pre-tRNA processing), the spliceosome (responsible for pre-mRNA splicing), and telomerase (an RNA-directed DNA polymerase that extends the ends of chromosomes). The focus of this perspective is to profile structural and dynamic roles of RNAs at the core of these enzymes, highlighting how large RNAs contribute to molecular recognition and catalysis.
Non-coding (nc) RNAs were instrumental in the evolution of the genetic code and likely served as key progenitor molecules for all life forms. [1] [2] [3] Examining the compositions of a few of these ancient RNAs, from the analyses of sequence conservation to secondary and tertiary structure determination, has yielded tremendous insight into our understanding of RNA biology. Detailed, biophysical studies of these RNAs in isolation or as part of a ribonucleoprotein complex have revealed a high degree of structural diversity, illuminating how large RNAs assemble into defined tertiary architectures and interact with their protein partners at the atomic level. 4 These structural studies serve as paradigms to better understand the versatile roles of RNAs and the emerging functional roles of newly discovered ncRNAs in the modern world.
NcRNA possesses several evolutionary advantages in acting as a central regulatory molecule in the cell. Unlike proteins, ncRNAs can utilize both shape-based recognition and intermolecular base-pair interactions with RNA and DNA to provide specificity. 5 In an almost symbiotic relationship, ncRNAs can also act as scaffolds that bring proteins together and direct them to a nucleotide substrate while the proteins in turn stabilize RNA structures. This added stabilization by conserved protein-RNA interactions plays a central role throughout the RNP assembly process and fortifies key RNA conformations during the reaction cycle.
Here, we focus on large ncRNAs that contain structured domains and are intimately associated with protein components to execute a specific biological function.
Ribonuclease (RNase) P, the spliceosome, and telomerase are three essential multidomain ribonucleoprotein (RNP) complexes that exhibit elaborate architectures and contain highly structured RNA domains. RNase P catalyzes the hydrolysis of a phosphodiester bond to generate a 5' end of mature transfer RNA (tRNA), the spliceosome removes non-coding pre-RNA introns and ligates exonic sequences to generate a mature RNA via two consecutive transesterification reactions, and telomerase serves as an RNA template-directed DNA polymerase that adds a speciesdependent repetitive sequence at the ends of chromosomes.
While the RNase P, spliceosome, and telomerase systems by no means represent a rigorous list of multi-domain RNP complexes, and many comprehensive reviews exist for each RNP [6] [7] [8] [9] [10] , general insights and commonalities have emerged from a comparison of recently determined structures derived from these full-length and intact holoenzyme complexes. [11] [12] [13] [14] [15] [16] In each case, large ncRNAs play an integral role in the overall reaction mechanism, from substrate recognition to the assembly of the active site.
At the core: conserved RNA helices, unpaired nucleotides, and base triples
Functional features that are shared among three RNPs include well-defined RNA helical scaffolds and flexible internal loop nucleotides. We are only starting to comprehend the role of RNA at the core of these enzymatic complexes, though it is likely that both structured RNA helices and local RNA motions represent conserved features of the reaction mechanism. For example, comparative sequence analyses within each of these RNAs show that assembling large RNA core regions requires highly conserved, short nucleotide stretches 4-9 nts in length. [17] [18] [19] RNA sequences from RNase P, the spliceosome, and telomerase are clustered together to form a single helix or pseudoknot RNA element to function as the enzyme's central scaffold, located at or immediately adjacent to the active site ( Figure 1 ). These conserved structural elements at the RNP core help to explain how homologous RNAs can carry out similar functions despite possessing high overall sequence variability.
Interestingly, the most highly conserved nucleotides within these core elements are often unpaired and highly dynamic. Single nucleotide bulges, asymmetric internal loops, or catalytically important loop nucleotides are positioned within the central RNA helices, suggesting that local flexibility is an important feature in the assembly or orientation of an RNA-mediated enzyme. Whereas the conformations of base-paired nucleotides are restricted and limited by specific hydrogen bonds and/or stacking environments, bulged nucleotides offer a wide variety of spatial arrangements and can contribute significantly to the overall stability of the RNA fold. There are many advantages for having unpaired nucleotides near functionally important regions of an RNP complex, including: 1) to preserve continuous stacking interactions or increase hydrophobic packing between RNA regions, 2) to subtly distort or kink the helical backbone to promote an RNA or protein contact, 3) to stabilize charge-charge repulsion forces of neighboring RNA backbones, 4) to form long range intermolecular base pair interactions, and 5) to potentially interact directly with solvent or metal ions to activate catalysis. 20 Within the RNA core regions of RNase P, the spliceosome, and telomerase, unpaired and internal loop nucleotides undergo dynamic motions, helping to preserve the functionality of the enzymatic core.
In addition, base triples are repeatedly employed as dynamic switches at key regions of RNP complexes to enhance intra-or intermolecular recognition. The enzymatic functions of RNase P, the spliceosome, and telomerase all require conserved base triple interactions, though it appears that each of these complexes utilize base triples in distinct ways. RNase P and telomerase employ intramolecular base triples to form a pre-organized RNA shape that is essential for substrate recognition or catalytic activity, respectively. 7, 10 However, in the spliceosome, stacked, intermolecular base triples form transiently to promote catalytic metal binding. 21 Emerging structural studies of these RNPs begin to demonstrate how these stacked triples facilitate the organization of key molecular recognition events.
RNase P: shape-dependent recognition by a catalytic RNA RNase P is an RNP complex composed of an essential RNA ribozyme subunit and one or more protein subunits required for its enzymatic function in vivo. Aside from the ribosome, RNase P constitutes the only known example of a multiple turnover RNA enzyme that is required for cell viability in all domains of life. 6, 22 Newly transcribed precursor-tRNA contains excess nucleotides on both its 5' and 3' end. The 5' leader region is always removed by RNase P, whereas the 3' tail extension can be trimmed or cleaved by various protein enzymes. 6 Due to its vital role in cell metabolism, the bacterial RNase P RNP complex is a prime target for novel antibiotics.
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Although our focus is on the RNase P RNP complex, a protein-only form of RNase P does exist in some eukaryotic organelles. 24, 25 It appears that the catalytic mechanisms of these two forms of RNase P enzymes are similar, where both utilize two metal ions to perform a concerted hydrolytic cleavage reaction. 
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Sequence and tertiary structural conservation of the RNase P RNA: The catalytic RNA of RNase P (P RNA) varies greatly across phylogeny. It averages ~350-450 nucleotides in length, but ranges from ~200 nt (in archeal Pyrobaculum) to over 1100 nt (in the human pathogen Candida glabrata). 27, 28 Sequence analyses and structure mapping studies show that many architectural features of the P RNA are preserved in all domains of life, including a core secondary structure that is comprised of universally conserved nucleotides (Figure 2A ). 7, 18 Crystallographic studies at near-atomic resolutions of different isoforms of RNase P show how key conserved regions are clustered together to organize the active site and participate in the recognition of the pre-tRNA substrate. 11, [29] [30] [31] [32] Specifically, these universally conserved regions (CR) are positioned near or within the catalytically important P4 helix (CR-I, -IV, -V) 7 or assemble as part of two interlocked T-loop tertiary structural motifs (CR-II, -III) that are critical for substrate recognition (Figure 2A ). -III nucleotides form two layers of stacked base triples, which serve to stabilize the structure and prime the adjacent P RNA unpaired nucleotides for hydrophobic stacking with the TΨC-D region of tRNA. Additional peripheral elements that help to facilitate this molecular recognition event include: 1) a metal binding site (termed M4) that serves to stabilize the interlocked P RNA T-loops and 2) a conserved, unpaired adenosine that is wedged into the tRNA acceptor stem minor groove, forming an intermolecular A-minor motif. Taken together, these pre-organized P RNA features allow for the accurate recognition of the substrate's shape, providing structural evidence for why biology has chosen to retain this architecture throughout evolution.
RNase P protein increases catalytic efficiency by stabilizing RNA conformations
While the RNA component is active on its own at high Mg 2+ concentrations in vitro, RNase P is reliant on accessory protein components to stabilize the enzyme and aide in substrate recognition. The addition of a single protein domain in bacterial RNase P improves catalytic efficiency dramatically (>100 fold) and a synergistic coupling likely occurs between the bacterial RNase P RNA and protein to properly orient and position the substrate. [35] [36] [37] [38] [39] Here, the P protein primarily binds the backbone of the catalytic RNA via basic amino acids and a bacterially conserved electropositive-rich α-helix. 11, 40 By stabilizing core scaffold regions of the catalytic P RNA, including (CR-IV, -V) and the P3 helix ( Figure 2C ), the bacterial protein becomes integrated as part of the holoenzyme.
In higher organisms, the identified helix-bulge-helix P3 domain serves as an essential scaffold to assemble multiple protein components. 41, 42 This P3 RNA scaffold likely enabled the evolutionary transition of RNase P to more protein-rich eukaryotic RNase P systems and is structurally analogous to the P3-like RNA scaffold that exists in yeast telomerase. 41, 43 This protein-RNA interface allows protein surfaces to aide in substrate selectivity by interacting directly with the 5' leader region of the pre-tRNA substrate. Protein-leader interactions also reflect a versatile and tractable network that contains both intrinsic specificity and non-specific binding distribution modes. [44] [45] [46] Thus, in contrast to the P-RNA-TΨC-D tRNA interaction that is largely pre-organized and shape-dependent, the P protein-pre-tRNA leader recognition mode involves conformational equilibrium, where the flexibility of the pre-tRNA leader and minor, local changes of the protein enable favorable overall binding interactions that give rise to an activated enzyme-substrate complex.
Beyond the simple bacterial RNase P RNP, there are 5 identified protein components in archaeal RNase P and 10 or more proteins in the eukaryotic 
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The MRP RNP complex has distinct localization and substrate specificity from RNase P but retains the P3 helix, core P4 helix, and many of the same RNase P proteins components. 6, 41, 43, 47 This supports the model that functionally distinct RNP complexes can share and swap large protein modules to aide in the assembly and activation of the enzyme. Future studies will be required to discern whether these more complex enzymes employ a similar mode of substrate binding to bacterial RNase P.
RNase P ribozyme core: A largely pre-organized active site with a dynamic uridine bulge
A comparison of the apo-and tRNA-bound structures indicate that the RNase P holoenzyme does not appear to undergo large conformational changes, suggesting an overall RNP complex that is largely preassembled to engage with its target substrate.
7
Nonetheless, FRET studies and a bacterial RNase P holoenzyme-tRNA structure show that two catalytically important metal ions possess different binding affinities. 11, 48 Metal ions are sandwiched between the 5' end of the tRNA, the phosphate oxygen-rich cleft of the P4 helix, and conserved region V (CR-V) ( Figure 2D ). It is likely that the identified RNase P active site is the same in all RNA-based RNase P complexes, where one metal site (M1) is nestled between the tRNA 5' end, a universally conserved uridine (U52 in Thermatoga maritima numbering), and the phosphate oxygens of the P4 helix, while the other metal ion site (M2) is fully formed in the presence of the pre-tRNA leader substrate. 11 In the apo-S. stearothermophilus RNase P RNA structure without pretRNA, a metal site (termed M6) is in the same location as the M1 site in the tRNA bound T. maritima holoenzyme structure. 49, 11 A cluster of phosphate oxygens from conserved nucleotides A50 (A50), A313 (A389), and A389 (A390) in the T. maritima RNase P RNA (B. stearothermophilus numbering in parenthesis) help to create this M1 metal site, strongly suggesting that the P RNA has a partially pre-organized metal binding location within the active site. However, the exact position of the M1 site in the apo-and holoenzyme-tRNA structure likely differs, as the tRNA ligands are absent and U52 is positioned out of the helical stack in the apo-structure ( Figure 2D ). In contrast, the M2 site is not pre-organized and likely represents a relatively diffuse metal binding location that becomes stable only upon binding to the pre-tRNA substrate.
An additional component within the active site region that undergoes dynamic motions is the universally conserved U52 nucleotide. Here, the unpaired uridine within the P4 helix is flipped out relative to its neighboring nucleotides. In the apo-crystal structure, this uridine is pointed out of the helical stack and resides in close proximity to the catalytically important M1 metal binding site. 29, 49 In the presence of tRNA, this U52 nucleobase appears to swivel towards the substrate, interacting directly with the catalytically important metal (M1) and helping to properly position the local tRNA structure at the active site ( Figure 2D ). 11 The central role of this uridine at the active site has been previously proposed and single point deletion or mutational studies of this bulged nucleotide dramatically reduces the catalytic efficiency of the enzyme. These studies provide a near atomic resolution glimpse of the structural features of the ribozyme active site yet higher resolution information of this region will be required to understand how core RNA-metal ion interactions participate in the RNase P catalytic cycle.
35, 37, 50, 51

Spliceosome: Small nuclear RNAs form an ancient catalytic core
Studies of RNase P and the spliceosome demonstrate that RNA-metal based catalysis is a fundamental process in the conversion of genetic information. However, unlike 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 mechanisms, will be critical to understand disease-associated errors, altered splicing due to single-nucleotide polymorphisms (SNPs), and to develop potential strategies for splicing-modulated therapies that combat human diseases.
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A focus on the RNA tertiary structural network within the active site core helps us to better understand how RNA orients the substrate within the active site and primes the catalytic activation steps. Of particular interest are: 1) the formation of extensive intermolecular base pairing interactions that position the substrate accurately within the active site, 2) a highly conserved RNA helix (termed the U6 internal stem-loop, or ISL) with a loop region that serves as the scaffold of the catalytic core, and 3) base pair triples (termed the catalytic triplex) adjacent to the transesterification reaction site.
Sequence and structural conservation of active site snRNA elements
Three snRNAs, U2, U5, and U6, contain highly conserved sequences in the activated core region and interact directly with the pre-mRNA substrate through an extensive intermolecular base pair network ( Figure 3A) . 59, 60 These conserved interactions include:
1) U2 snRNA base pairing with the intron RNA to form the branch helix containing the bulged adenosine, which is the 2' OH nucleophile in the 1 st step of splicing, 2) pairing of the ACAGAGA sequence of the U6 snRNA and the intron 5' splice site, and 3) the 5' exon-U5 loop 1 helix, which positions the 5' exon for ligation during the second phosphoryl-transfer step ( Figure 3A) . 9, 52 These three helices converge on the same side of the enzyme active site and are stabilized by at least four proteins including Prp8 (Spp42), Cwc25 (Cwf25), Yju2 (Cwf16), and Cwc15 (Cwf15) ( Figure 3B ). 12 In specifying protein names of the most recent activated spliceosome structures, the more familiar S. the U80 nucleobase is also in close proximity to two highly conserved regions of Cwc15 (Cwf15) and Cef1 (Cdc5) proteins and the entire ISL is surrounded by Prp8 (Spp42), revealing key protein residues involved in stabilizing the U6 ISL structure. Opposite to U80 within the U6 ISL helix, a single nucleotide (C66) is bulged out of the helix and protrudes into the interface of Cwc15 (Cwf15), Cef1 (Cdc5), and Clf1 (Cwf4).
12
Many of the U6-protein interactions were identified by genetics and biochemical studies before being confirmed by structural studies, and it is clear that the internal bulge region of the U6 ISL serves multiple, highly interactive functions within the active site core. 52, 64, 65 Specifically, the internal bulge provides catalytically important ligands for two metals (M1 and M2) that are directly involved in both splicing steps ( Figure 3C -D) and also interacts with a conserved U2-U6 helical region (termed helix IB) to from a structurally conserved catalytic triplex ( Figure 3E-F) . 21, 59, 63, 66 The dual functions of this internal bulge of U6 suggest that this region of the spliceosome contains both ancient structures and conserved dynamic motions that are essential to properly orient the substrate and activate catalysis of the pre-mRNA substrate.
56, 67
Conserved RNA structural similarities to group II intron ribozymes
In fact, the U6 ISL and its corresponding internal loop region are structurally related to the core domain V (D5) structure within group II self-splicing introns. 
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Likewise, the three stacked base triples comprising the catalytic triplex are also structurally conserved between the spliceosome and group II introns ( Figure 3E-F) .
21, 74
The multiple tertiary structures of group II introns at atomic resolution demonstrate how these base triples might prime the formation of the active site cavity 57, 74, 75 and it is likely that this is a universal mechanism shared between the spilceosome and group II introns. However, in terms of the organization of the active site, it is important to emphasize that protein components that stabilize the U6 ISL and U2-U6 catalytic triplex in the spliceosome have usurped the role belonging to RNA helices in group II introns.
For example, in the spliceosome, the catalytic triplex forms upon NTC/NTR binding and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 replication, the lagging DNA strand is unable to fully copy the chromosome ends.
10, 77
This end replication problem results in a progressive shortening of telomeres that, if not countered, leads to cellular senescence. TR contains a single-stranded template region that encodes a telomeric repeat sequence for TERT to generate new telomeric repeats.
Several conserved TR structural domains help to position the template region, organize the active site, and regulate the enzymatic activity.
The telomerase complex is primarily active in embryonic stem cells but is also inappropriately expressed in a large majority of cancers, making it a prime therapeutic target. 78 Additionally, mutations in the protein or RNA components of telomerase are associated with the bone marrow failure syndrome dyskeratosis congenita, a marked decrease in telomerase activity, and shortened telomeres. 79 Thus, an improved structural understanding of the mechanics of telomerase holds significant therapeutic implications.
Sequence conservation and diverse functional elements of TR
TR varies greatly in size. In humans, TR is only slightly longer than the RNase P ncRNA (451 versus 341 nt) but in some organisms it reaches over 2 kb. 83, 84 The crystal structures of apo-and substrate-bound TERT do not reveal large conformational changes in protein structure, indicating that, similar to bacterial RNase P, the telomerase active site is largely pre-formed.
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Template Boundary Element: In order for telomerase to synthesize regular telomeric repeats it must consistently terminate reverse transcription at the correct nucleotide.
Incorporation of the wrong telomeric sequence can be lethal, as evidenced by sharply increased mortality of cells expressing a TR containing mutant template sequences.
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The precise mechanism varies between species; in human, a template boundary element (TBE) containing the P1 helix forms immediately 5' of the template ( Figure 4A) and constrains transcription. 86 Disruption of the helix not only leads to inappropriate reverse transcription beyond the template region but also dramatically perturbs overall activity. Interestingly, this 5' region contains conserved guanosine repeats that have a propensity to form a stable G-quaduplex structure ( Figure 4A ). The function of this Gquadruplex remains unclear, though it has been proposed to serve as a protective cap to limit RNA degradation. 87 As this competing RNA structure prevents formation of the P1 helix and influences catalytic activity, it must be removed. An RNA helicase, RHAU, likely remodels this region by recognizing and unwinding G-quaduplexes to allow proper formation of the template boundary helix. In removing the G-quadruplex RNA, RHAU may also remodel additional portions of RNA structure
88
, suggesting that this helicase provides an important mechanistic role in activating the telomerase holoenzyme.
Tertiary structural elements and unpaired bases within the TR Pseudoknot:
Downstream of the template, the RNA forms a structurally conserved helix-bulge-helix motif. NMR analysis identifies highly dynamic motions within the motif, termed J2a/b, with a 5-nucleotide bulge forcing the RNA to form a ~90º angle. 89 In the middle of this bulge is an unpaired uridine, conserved in all mammals, that is required for full telomerase function in vitro. This dynamic J2a/b motif may allow for conformational changes during the telomere elongation step.
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Downstream of this hinge are highly conserved regions (CR-2, -3) that form a critical pseudoknot ( Figure 4C ). The pseudoknot, present in all vertebrates, forms a triple-helix that is essential for telomerase function in vitro and in vivo. 90, 91 Pseudoknot mutations can disrupt enzyme processivity after the first round of DNA synthesis, indicating that dynamics in the triple helix may be involved in the translocation step of the reverse transcriptase catalytic cycle. However, the precise mechanistic and 90, 92 Recent electron microscopy models of the T. thermophila telomerase place the pseudoknot apart from the active site, questioning whether the pseudoknot directly interacts with the active site. 10 Atomic resolution information at different stages of the catalytic cycle will be needed to define the structural mechanisms of the pseudoknot within the intact holoenzyme.
Conserved Regions 4/5:
Additional conserved regions 4 and 5 (CR-4, -5) adopt a defined RNA tertiary structure that involves two stem-loops, termed the P6 and P6.1 helices, which originate from a 3-way junction ( Figure 4D ). This RNA region forms a flexible Y-shaped scaffold that interacts with the TERT RNA-binding domain (TRBD).
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An NMR structure of this RNA region by itself confirms the 3-way junction but the RNA adopts an alternative conformation from the crystal structure of the complex. In the complex, the P6.1 arm forms a much larger angle with the P6 arm, adopting an almost orthogonal orientation. 94, 95 The TRBD-bound RNA also forms two base triples at the 3-way junction that are absent in the apo-structure. The triplexes form a base for the helical stacking of the P6 arm and are likely involved in the stabilization of the bound RNP conformation. Thus, while the protein structure is largely unchanged by RNA binding, the TR CR-4, -5 domain appears to undergo substantial conformational changes to bind TRBD. Mutations within CR-4, -5 and small molecules that block its interaction with the TRBD result in a loss of telomerase activity. [93] [94] [95] Most of the TRBD contacts are with the backbone of CR-4, -5 and are not sequence specific. However, important exceptions include two dynamic and unpaired nucleotides that make stacking interactions with specific TERT amino acids: a guanosine at the terminal loop of the larger P6 helix and a uridine in the middle of the P6 helix. These bases and/or their unpaired positions in the helix are well conserved in vertebrates and necessary for binding, although the uridine in humans appears to be base-paired while an adjacent cytosine is bulged out and likely functionally substitutes for the uridine ( Figure 4A ).
94, 96
Accessory proteins reveal significant diversity and a unique, shared RNA-protein scaffold
The eukaryotic TR interacts with an array of proteins beyond TERT. While these proteins have functional analogs from yeast to humans, much of the composition appears to vary significantly between eukaryotes. 97 For instance, the RNase P protein components POP6 and POP7 also regulate the telomerase complex and are necessary for telomerase activity in S. cerevisiae. 43 Here, the protein module recognizes a helixbulge-helix region of TR that mimics the P3 helix of RNase P ( Figure 2C ). While this precise mechanism does not appear to be replicated in humans, it demonstrates that the RNase P protein components are able to participate in a number of RNP complexes.
Other accessory proteins also target specific regions of the TR. For example, four snoRNA-associated proteins (dyskerin, NHP2, NOP10, and GAR1) recognize a conserved hairpin-hinge-hairpin-ACA, or H/ACA motif, at the 3' end of TR (CR-6, -8). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 This asymmetrical stem loop was likely co-opted by telomerase to act as a scaffold for chaperones that stabilize and localize the TR during RNP assembly.
Structured ncRNAs significantly alter the action of telomerase
TR is not the only RNA that regulates telomerase. The repetitive telomeric DNA sequence encoded by TR can itself be transcribed into a structured RNA, termed telomerase repeat-containing RNA (TERRA). 99 TERRA is transcribed following the replication of DNA during S-phase and can form stable G-quadruplex structures in vivo.
These RNA structures can interact with and influence epigenetic regulators, including the Suv39H1 methyltransferase and LSD1 demethylase, [100] [101] [102] and also regulate telomere length by inhibiting telomerase. 103 The detailed mechanisms of these recognition events are unknown, though direct contacts between TERRA and the unstructured template region of TR dramatically influence telomerase activity.
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In addition, a TR-mimicking lncRNA in A. thaliana, termed TER2, has high homology to TR. 105 TER2 appears to be upregulated upon excessive DNA damage to outcompete TR and inhibit telomerase activity, presumably by forming an inactive TER2-TERT RNP complex. These ncRNAs influence the action of telomerase and serve primarily as RNA mimics to regulate telomere biology. How ncRNA structures are regulated at telomeres and how alternative ncRNAs impact telomerase function must be addressed to better understand the role of lncRNAs at specific chromosomal locations.
Summary
Atomic level understandings of large and dynamic RNP complexes are beginning to emerge, revealing how conserved structural features give rise to RNA-mediated recognition and catalysis. RNA helices, unpaired and internal loop nucleotides, and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 triplexes represent fundamental motifs that are repeatedly used by evolution in various combinations to introduce diversity into RNA structures and perform specific tasks. In all cases, functional protein modules contribute to stabilization of these RNA structures and enhance the molecular recognition properties of RNP complexes.
In RNase P and the spliceosome, highly conserved RNA helices form around the active sites and bulged internal loop nucleotides are involved in coordinating catalytically important metal ions. At the core of telomerase, the stability of a pseudoknot structure and unpaired nucleotides play essential roles in contacting conserved protein domains and in facilitating enzyme activation. All three of these RNP complexes additionally require the formation of stacked base triple motifs to ensure substrate recognition and efficient catalysis. Base triples within conserved T-loop motifs of the RNase P are flanked by unpaired nucleotides that enhance intermolecular coaxial stacking, enabling shape-specific molecular recognition of pre-tRNA substrates ( Figure   2B ). 11 A highly conserved catalytic triplex in the spliceosome involves three stacked triples that function to define the active site cavity, providing a structural mechanism for optimally positioning the pre-mRNA substrate with catalytic metals in both steps of the splicing reaction ( Figure 3 E-F) . 12, 21 In the case of telomerase, two sets of conserved and stacked base triples operate in distinct functional domains: a three-way junction and an extended triple helical psuedoknot structure ( Figure 4C, D) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 organize their substrates during catalysis will be required to better understand the diverse modes of RNA-mediated recognition and RNP catalysis.
Future studies of these RNP structures will also be critical to gain insight into the emerging roles of ncRNAs in biology. For example, long ncRNA (lncRNA) transcripts are pervasively transcribed and form modular functional domains that can regulate processes such as gene transcription, chromatin structure, post-transcriptional processing, and protein translation. 106 Atomic level knowledge of the more traditional RNase P, spliceosome, and telomerase RNP assemblies will provide powerful insight into how other large ncRNA molecules have evolved and are integrated with proteins in the modern world. The advantages in using ncRNAs as centralized regulatory molecules include: the ability to respond to a stimulus quickly upon transcription, the ability to evolve rapidly without generating missense mutations, and the opportunity to act as a scaffold that brings proteins together and localizes them to specific RNA or DNA targets. The roles of these ncRNAs are largely unexplored but are likely multifaceted and highly versatile, suggesting that these new RNAs are part of fluid, responsive RNP networks that are highly adaptable. Based on structural studies of RNase P, the spliceosome, and telomerase, it is clear that many of these newly discovered ncRNAs will not simply be passive platforms, but may utilize specific tertiary structural motif combinations and conserved RNA-protein interactions to functionalize a dynamic RNP assembly. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 A) Two conserved domains (blue and cyan) of the Ribonuclease P (RNase P) enzyme are separated by 250-350 nucleotides but assemble to form the central scaffold, termed the P4 helix. A single nucleotide bulge within the P4 helix is universally conserved. The crystal structure of a bacterial RNase P holoenzyme with tRNA (PDB ID: 3Q1Q) is shown, with the P4 helix (blue/cyan), active site metal ion location (magenta spheres), surrounding P RNA structure (grey), and P protein (blue-white surface). 11 B) An asymmetric internal stem loop (green and lime) from the U6 small nuclear RNA (termed the U6 ISL) helps to form the activated spliceosome core. Cryo-EM structures 12, [14] [15] [16] confirm a wealth of genetic and biochemistry studies, revealing that this structurally conserved helix is central to the core of the spliceosome. The cryo-EM derived minimal structure is shown, with U6 ISL (green/lime), active site metal ions (magenta), surrounding snRNAs (grey), and protein components (blue-white surface). (PDB ID 5LJ3). 12 C) The telomerase RNA component (TR) utilizes a conserved pseudoknot, where a stem-loop structure (red) intercalates with a single-stranded region (pink). This structural element is central to the assembly of an activated telomerase holoenzyme and is located near the RNA template of the DNA polymerase reaction, but is not directly involved in the reverse transcriptase protein (TERT) enzyme active site.
13, 107 A pseudoatomic experimental model of the catalytic core of the Tetrahymena telomerase 10 illustrates the location of the pseudoknot (red/pink), the approximate active site metal (magenta), surrounding TR (grey), and core protein components (blue-white surface). Although the RNA from Tetrahymena holoenzyme differs from human TR in size and its putative tertiary structure, both contain the RNA pseudoknot and three-way junction structures. 13, 81 In A-C, dashed lines represent base pairs and a summary of the reaction chemistry, evolutionarily related RNAs (paralogs), and primary substrate recognition modes are indicated. A) RNA secondary structural schematic and crystal structure of the bacterial RNase P holoenzyme with tRNA, highlighting five conserved regions (CR-I, -II, -III, -IV, and -V) in cyan and a universally conserved uridine nucleotide (U52, Thermatoga maritima numbering) that is located within the P4 helix. Long-range interactions are noted, four structural or catalytically important metal ion sites are identified (magenta spheres), and a dashed circle (red) indicates the location of an A-minor interaction between the P RNA and tRNA. The tertiary structure shows how the Thermatoga maritima RNase P RNA (blue) and P protein (green) globally engages with tRNA and a short oligonucleotide leader mimic (shown as pink) (PDB ID: 3Q1R). B) CR-II, -III form two pre-organized T-loops that promote hydrophobic stacking interactions (dashed black) with the TΨC-D loop of tRNA. A structurally important metal ion (M4, pink sphere) and an A-minor interaction (dashed red circle) facilitate this interaction and enhance 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 RNA-RNA shape complementarity. Two conserved, stacked base triples reside within the interlocked T-loops of the P RNA (boxed). C) The bacterial P protein increases catalytic efficiency by stabilizing conserved, non-helical junctions (CR-IV, -V) proximal to the active site (denoted by M1 and M2 metal ions) and adjacent to the P3 helix. D) The RNA active site environment of RNase P. Universally conserved nucleotides (bold and underlined) surround the 5' end of tRNA (pink) and provide ligands to catalytically important metal ions (M1 and M2, spheres). Crystal structures of the bacterial apo-(orange) and holoenzyme-product (cyan) show a largely pre-organized (PDB IDs: 2A64 and 3Q1Q, respectively) active site, though the universally conserved and bulged uridine (U52) likely undergoes a dynamic motion (indicated by arrows), helping to contribute to metal ion coordination and active site stabilization upon substrate binding. 12 RNA tertiary structural elements, including the U6 ISL and catalytic triplex (bold) and intermolecular helices (grey), help to configure the catalytic core and surround the catalytic metal ions (M1, M2). All components as colored in A. In addition, critical S. cerevisiae proteins that orchestrate these RNA-RNA interactions at this step include Prp8 (220K/Spp42), Clf1(CRNKL1/Cwf4), Cef1 (CDC5L/Cdc5), Yju2(CCDC94/Cwf16), Cwc25 (CWC25/Cwf25), and Cwc15 (CWC15/Cwf15). H. Sapien/S. pombe names are in parenthesis, respectively. C) U6 ISL (green) overlay with domain 5 (D5) from group II self-splicing introns reveals an ancient and conserved stem loop structure at the active site core (PDB IDs: 5LJ3, 4R0D, 4E8K). D) Overlay of internal loop within the ISL reveals a conserved bulge structure that is shared between the spliceosome and group II self-splicing introns. 12, 57, 75 This internal loop region undergoes dynamic motions in activated spliceosomes. 69, 70 , 108 E) Three stacked base triples are proximal to the enzyme active site and are structurally conserved between the spliceosome and group II introns. 21,56 F) Base triple interactions between U6 and U2 snRNAs are conserved in the spliceosome and function to define the 5' splice site (S. cerevisiae numbering). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A) RNA secondary structure schematic of human telomerase RNA (TR), based on experimental data. 17 The eight conserved regions (CR) are highlighted in yellow and core features are annotated. These include guanosines clustered in the 5' region with the propensity to form an inhibitory G-quadruplex tertiary structure, the P1 helix which forms the telomerase boundary element (TBE), the J2a/b region with a 5-nt bulge that forms a critical bend, and the destabilizing, unpaired uridine (green) in the pseudoknot. CR-4, -5 forms a 3-way junction and contains a bulged cytosine that likely interacts with reverse transcriptase, providing specificity. Near the 3' end of TR, CR-6, -8 forms an H/ACA domain that interacts with snoRNAassociated proteins. B) Simplified schematic of telomerase reverse transcriptase (TERT) complex, with the RNA colored red and the multi-domain reverse transcriptase protein in blue. TR regions are labeled as in A. The pseudoknot and P6 helix regions are boxed, corresponding to tertiary structures in C and D, respectively. C) The pseudoknot region forms a kinked, well-ordered structure with tertiary interactions and extended triple helices. 109 The three strands of the triple helix are colored as in Fig. 1C , with the bulged uridine colored green. Several stacked base triples are indicated (H. sapien, PDB ID: 2K95). D) CR-4, -5 (red) in O. latipes TR forms a 3-way junction and binds the telomeric RNA binding domain (TRBD, blue). 94 Specificity is provided by the well conserved, unpaired nucleotides uridine 182 (U182), which likely functionally substitutes for the bulged cytosine in humans, and guanosine 189 (G189). The boxed insert regions show that two stacked base-triples at the crux of the triplehelix form the base for the P6 helix (PDB ID: 4O26). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Figure 2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 For 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
